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HRTEMAbstract Nanocrystalline forms of nickel ferrite (NiFe2O4) have been synthesized with the aid of
single step chemical combustion method using citric acid as fuel in the 1:1 ratio. The single phase
formation of nickel ferrite was conﬁrmed through powder X-ray diffraction (XRD). The presence
of various functional groups was conﬁrmed through Fourier transform infrared spectroscopic
(FTIR) analysis and the compositional analysis was performed through Energy dispersive X-ray
studies (EDX). The micro structural features of nanocrystallites were examined by scanning elec-
tron microscope (SEM). Surface morphology of the nanocrystalline form of NiFe2O4 was also
investigated through transmission electron microscopic (TEM) analysis. Magnetic measurements
have showed the ferrimagnetic properties with Curie temperature @ 500 C. The obtained results
are in good agreement with the reported values. The other results have been discussed in detail.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In the last few decades enormous development has been made
in the ﬁeld of nano technology, particularly in physical sci-
ences. The formations of nano crystalline spinel ferrites play
an important role in determining their physical properties in
nano and sub nano levels. Nanocrystalline spinel ferrites are
normally represented by a general formula MFe2O4 where M
is usually a divalent metal ion (e.g. metals like Ni, Co, Cu,
Zn, Fe, Mn, etc.). Ferrites have shown several applications
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Figure 1 Powder XRD pattern of the (a) as prepared NiFe2O4
sample and the samples calcinated at (b) 600, (c) 700 and (d)
800 C (JCPDS-No. for NiFe2O4 – 74-2081).
Cost effective preparation and characterization of nanocrystalline nickel ferrites 177due to their remarkable electrical and magnetic properties, and
also in ﬁelds of magnetic resonance imaging (MRI) enhance-
ment, magnetic high-density information storage etc., Nickel
ferrite is one of the versatile and technologically important soft
ferrite materials because of its typical ferrimagnetic properties,
low conductivity, lower eddy current losses and high electro-
chemical stability (Zhao et al., 2006; Zhang et al., 2003).
Synthesis of nickel ferrite by conventional solid state reac-
tion method involves higher calcination temperature, which
leads to the formation of in-homogeneity, poor stoichiometries
and higher crystallite sizes. Various chemical routes have been
already adopted by many authors to synthesize nanocrystalline
NiFe2O4 including a sonochemical process, co-precipitation,
sol–gel, shock wave, reverse micelle and hydrothermal meth-
ods (Chen and He, 2001; Sagar, 2011; Sivakumar et al.,
2009; Prasad and Gajbhiye, 1998; Shi et al., 1999; Liu et al.,
2001; Kale et al., 2004; Zhou et al., 2005). Among them gel
combustion process using hydroxyl carboxylic acids (citric
acid) as chelating agents is experimentally proved to be simple
and cost effective (Sutka and Mezinskis, 2012; Sivakumar
et al., 2011; Barati and Seyyed Ebrahimi, 2008). The principle
of this method is based on the distribution of metal ions within
the polymeric network to avoid the segregation. In the present
work, the compound has been synthesized in single phase at
very low temperature (80 C). Since, practical applications of
ultraﬁne powders strongly depend on the particle size and
morphology, the preparation of ultraﬁne particles well deﬁned
in size and morphology has attracted more interest in recent
years (Matijevic, 1993, 1994; Kim et al., 2001).
2. Experimental procedures
2.1. Materials and methods
Nano particles of NiFe2O4 (NFO) have been prepared by sol–
gel auto combustion method. Appropriate amounts of analyt-
ical grade Ni (NO3)2Æ6H2O and Fe (NO3)3Æ9H2O were dis-
solved in 200 ml of DI water homogeneously in 1:2 molar
ratio. The ratio of citric acid (chelating agent) to the metal con-
tents was maintained at 1:1. DI water was used as the solvent.
Reaction was carried out in air atmosphere without the protec-
tion of nitrogen or inert gas. The solution was continuously
stirred using a magnetic stirrer. Condensation reaction
occurred between the adjacent metal nitrates and the molecules
of citrates, yielding a polymer network in colloidal dimensions
known as sol. Continuous heating of xerogel, led to the forma-
tion of nanopowders of NiFe2O4 through a self-propagating
combustion process, until all the gel was burnt out completely
to form loose powder.
2.2. Characterization studies
To identify the crystallinity of the synthesized nanopowders,
X-ray diffraction (XRD) patterns of the samples were recorded
by RIGAKU-DMAX2500 X-ray diffractometer with Cu Ka
radiation (k= 1.5406 A˚) for 2h values ranging from 10 to
70. FTIR spectrum for the powder sample of NFO was
recorded in the frequency regime 400–4000 cm1, at room tem-
perature using Bruker IFS 66V FTIR spectrometer. The mor-
phological features have been observed with the aid of
scanning electron microscope (SEM: model JOEL-JSM6360). The particle sizes of nanopowders were obtained using
a JEOL JEM 2100 Japan high resolution transmission electron
microscope (HRTEM) operated at 200 kV. Magnetic measure-
ments were carried out for the nanosized sample of NFO using
a vibration sample magnetometer (VSM) with a maximum
external magnetic ﬁeld of 10 kOe. Temperature dependent
magnetization was also measured by using the same instru-
ment ﬁtted with high temperature (HT) set-up for the samples
calcined at 700 C.
3. Results and discussion
The prepared spinel oxides of NiFe2O4 were collected and the
obtained powders were calcined in different temperatures at
600, 700 and 800 C for further investigations.
3.1. X-ray diffraction
The powder XRD pattern of the as-synthesized and the sam-
ples calcined at 600, 700 and 800 C are shown in Fig. 1. It
shows that the sharp crystalline peaks observed for samples
calcined above 500 C are attributed to the face-centered cubic
nature of NiFe2O4. No secondary impurity phase was
detected. The peaks appearing at 2h values 18.4, 30.2,
35.7,37.3, 43.4, 53.8, 57.4 and 63.0 may be assigned for
X-ray scattering from the (111), (220), (311), (222), (400),
(422), (511) and (440) planes of the spinel crystal lattice,
respectively. The obtained values of lattice constants for
NiFe2O4 were in good agreement with the standard JCPDS
(74-2081) data ﬁle as well as that of reported values. The
increase of crystallite size may be due to the higher calcination
temperatures (Yue et al., 2004).
The average crystallite size (D) of the as-prepared NiFe2O4
particles was calculated by using the Debye–Scherrer equation
(Klug and Alexander, 1974). As the calcination temperatures
were increased from 600 to 800 C, the full width half wave
maximum (FWHM) values of diffraction curve decrease shar-
ply and hence the particle sizes also increase. The crystallite
size of the as-prepared powders is found to be around
11 ± 1 nm. When the temperature of the synthesized nano
powder is raised further its crystallite size increases from
17 ± 1 nm to 35 ± 1 nm. This phenomenal change due to
178 T. Shanmugavel et al.calcination effect is reported elsewhere (Zhou et al., 2002).
Based on the obtained results, it has been observed that the
single phase ferrite was achieved immediately after combus-
tion. When similar attempts are made in order to prepare
the same system with the aid of oleic acid and aloe vera the fer-
rite phase along with hematite phase was yielded as an impu-
rity in the ﬁnal state (Kurosawa et al., 2012; Laokul et al.,
2011). Hence it is concluded that citric acid has been found
to be the best fuel for the synthesis of NFO.
3.2. FTIR analysis
FTIR spectra for the as-prepared sample and for the nanopow-
ders calcined at 700 C are shown in Fig. 2. The decomposition
of hydroxide to oxide phase for the formation of spinel ferrites
were well reﬂected in the FTIR spectra when calcined. It has
been reported that the IR bands of solids are usually assigned
to vibration of ions in the crystal lattice (Brabers, 1969). The
absorption bands observed for calcined sample give fruitful
information about the vibrational structure of the molecule
(Waldron, 1955; More et al., 2005; EI-Sayed, 2002). The band
appearing at 3450 cm1 in as-prepared sample corresponds to
OH stretching vibration of H2O and there are special absorp-
tion peaks appearing at 2969, 1620 and 1437 cm–1, which corre-
spond to the O–H group of citric acid, carboxylate anion, and2000 2500 3000 3500 4000
(2
96
9)
<---- (-OH Stretching)-------->T
ra
ns
m
itt
an
ce
 (%
)
Wave number (cm-1)
As prepared gel
(3
45
0)(2
33
3)
NiFe2O4 at 700
oC
500 1000 1500 2000 2500 3000 3500 4000
(7
30
)
Tr
an
sm
itt
an
ce
 (%
)
Wave number (cm-1)
As prepared gel
(2
96
9)
NiFe2O4 at (700
oC)
(1
43
7)
(1
62
0)
(3
45
0)
(2
33
3)
Figure 2 (a) and (b) FTIR spectrum of nickel ferrite as prepared
and samples calcinated at 700 C.anti-symmetric NO3 stretching vibrations, respectively
(Brabers, 1969). The O–H stretching at 2333 cm-1 corresponds
to the hydroxyl group of the as-prepared sample. Whereas in
the sample calcined at 700 C, it is due to the atmospheric
moisture, the band appears weak as compared to the as-pre-
pared sample. Incase of spectra of NiFe2O4 calcined at
700 C, characteristic absorption bands found at 720 cm1,
correspond to tetrahedral sites of positive ions of nickel ferrite
respectively.
3.3. Magnetic measurements
Magnetic measurements were carried out using a vibrating
sample magnetometer (VSM) up to a magnetic ﬁeld strength
of 10 kOe. All NiFe2O4 samples (as prepared, 600, 700 and
800C) have been subjected to magnetization measurements
at room temperature. Various magnetization properties like
saturation magnetization, retentivity and coercive ﬁeld were
obtained from the hysteresis curves. The saturation magnetiza-
tion (Ms) of the as-synthesized samples is lower than that of
the annealed samples, while coercive ﬁelds (Hc) are found to
be higher.
The values of saturation magnetization (Ms) and coercivity
(Hc) of NiFe2O4 prepared by the sol–gel method have been
reported as 31 emu/g and 93 Oe respectively (Wu et al.,
2004). The lower values of Ms and Hc may be due to the low
shape anisotropy and multiple domains of NiFe2O4 nanopar-
ticles. It has been observed elsewhere that the nanocrystalline
NiFe2O4 prepared by the sol–gel method exhibits low satura-
tion magnetization in comparison to the hydrothermal method
(Zhou et al., 2005). Hence it is believed that Ms is an intrinsic
property of magnetic materials, but different preparation
methods and conditions may affect theMs value of the ferrites
in the practical process. De Marco et al. (1993) have reported
that the values of Ms of NiFe2O4 nanoparticles, measured at
room temperature and prepared by solid-state reaction and
plasma aerosol methods are 36 and 19 emu/g respectively.
The variations in Ms values have been attributed to the
difference in the structural morphology of the nanoparticles.
Fig. 3 shows the hysteresis curves of nanocrystalline NiFe2O4-10000 -5000 0 5000 10000
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Figure 3 Room temperature hysteresis loop for the NiFe2O4
samples calcinated at 600, 700 and 800 C.
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Figure 4 Temperature dependent magnetization for the NiFe2O4
samples calcinated at 700 C.
Cost effective preparation and characterization of nanocrystalline nickel ferrites 179indicating a soft ferromagnetism of the ferrite materials in the
ﬁeld range up to 10 kOe, while outside this range the speciﬁc
magnetization may increase slowly with the increasing ﬁeld
and it saturates well in the ﬁeld range investigated (10 kOe).
The magnetic properties of samples depend on the calcina-
tion temperatures. Speciﬁc saturation magnetization (Ms) val-
ues of 12.8, 26.6, 31.7 and 36.9 emu/g are observed for the
NiFe2O4 samples calcined at room temperatures, 600, 700
and 800 C respectively. There is a clear tendency of Ms to
increase with the enhancement of crystallinity of the NiFe2O4
samples. In addition, it is seen that the values of Ms increase
with the increase of particle size. The effect of particle size on
magnetic properties of ferrite materials could be determined
using the surface spin disorder in magnetic nanoparticles.
Kodama et al. studied the effect of surface spin canting of
ball-milled NiFe2O4 particles and have demonstrated that
the canted spin on the particle surfaces, having multiple con-
ﬁgurations for any orientation of the core magnetization, is
an important factor on the magnetic moment reduction
(Kodama et al., 1996). In this work, the highest speciﬁc sat-
uration magnetization of 36.9 emu/g is obtained in the sam-
ple calcined at 800 C, which is particularly low in
comparison with the theoretical saturation magnetization of
40 emu/g calculated by using Neel’s sublattice theory and
the reported value for the bulk sample is 56 emu/g. The coer-
civity was found to be 30, 56, 89, and 104 Oe for the nano-
crystalline samples calcined at 600, 700 and 800 C
respectively. It is seen from these results that the value of
coercivity increases with the increasing of particle size. In
Table 1, the saturation magnetization, coercivity and retentiv-
ity of NiFe2O4 for the as-prepared and samples calcined at
600, 700 and 800 C are listed which shows an increasing
trend as the calcination temperature is increased. This indi-
cates that the crystallization increases when the calcinations
temperatures are increased.
Temperature dependent magnetic measurement carried out
for the samples calcinated at 700 C is shown in Fig. 4. The
measured Tc from the curve was about 500 C as shown in
Fig. 4.The hysteresis loops show high coercivity (Hc), satura-
tion magnetization (Ms) and remanence ratio (Mr/Ms). From
the curve, it is understood that ﬁne particles are easier to be
thermally activated to overcome the magnetic anisotropy.
3.4. SEM analysis
Fig. 5(a) and (b) shows the scanning electron micrographs
(SEM) nickel ferrites sample calcinated at 700 C. SEM micro-
graph depicts that the samples consist of micrometrical aggre-
gation of smaller particles at a magniﬁcation of 5000 times the
existence of high dense, agglomeration indicates that pore free
crystallites are present on the surface.Table 1 Crystallite size, saturation magnetization, coercivity and re
Calcination
temperature (C)
Crystallite size
(D± 1) nm
Satu
(Ms)
As prepared 11 12.8
600 C 17 26.6
700 C 31 31.8
800 C 35 36.93.5. TEM analysis
HRTEM image of nanocrystalline NiFe2O4 is shown in Fig. 6.
The micrograph depicts the spherical morphology of the cal-
cined nanocrystalline NiFe2O4 particles at 700 C. Analysis
shows that the plane (111) is prominent in the present case
and has been indexed in the HRTEM pattern. The selected
area electron diffraction (SAED) pattern of the nanocrystalline
NiFe2O4 sample calcinated at 700 C is shown in Fig. 7. In
SAED pattern, each spot of SAED becomes a disk, whose
radii are approximately few hundred nanometers at around
the center of the images. SAED and microdiffraction patterns
of a crystal are permitted to obtain the symmetry of its lattice
and to calculate its interplanar distances (with the Bragg’s
law). According to the XRD results (Fig. 1), the single phase
nanocrystalline materials, are made up of many tiny single
crystals. The diffraction pattern of those samples will therefore
look like a superposition of single crystal spot patterns: a series
of concentric rings resulting from many spots very close
together at various rotations around the center beam spot.
Each ring is a reﬂection of the family of planes with different
interplanar spacing. From the diffraction rings, the type of
crystal structure can be determined by measuring the ring radii
(R) Cullity and Stock, 2001. The obtained values of d are then
compared to the reference value from the JCPDS (74-2081)
database. The different values of particle size investigated by
XRD and TEM techniques result from the agglomeration of
ﬁne particles of the NiFe2O4 samples. The ring patternstentivity of NiFe2O4.
ration magnetization
(emu/g)
Coercivity
(Hci) Oe
Retentivity
(Mr) emu/g
30.1 0.244
56.1 1.99
89.1 4.29
104.6 7.26
Figure 5 SEM micrograph of NiFe2O4 sample calcinated at 700 C.
Figure 6 HRTEM of nanocrystalline NiFe2O4 sample calcinated
at 700 C.
Figure 7 SAED pattern NiFe2O4 sample calcinated at 700 C.
180 T. Shanmugavel et al.observed in the SAED were indexed as (311), (111), (422),
(400), and (511) of the cubic spinel structure, which is consis-
tent with the results of XRD.4. Conclusions
Nanocrystalline NiFe2O4 ferrites were prepared by the sol gel
auto combustion method. Citric acid was found to be the best
fuel for the synthesis of NFO when compared to other chelat-
ing agent. The as-prepared samples were calcined to 600, 700
and 800 C. The effects of the calcination temperature on the
particle sizes and magnetic properties of the ferrite samples
were investigated and interpreted with valid reasons. The
nickel ferrite samples obtained by this method had the sin-
gle-phase spinel structure. The magnetic properties of the fer-
rite samples were strongly affected by the calcination
temperature. The calcination temperature increases coercivity
and saturation magnetization values are continuously
increased. Scanning electron microscopic analysis reveals the
highly agglomerated particles with no pores. Due to this prop-
erty the crystallinity of the ferrites may be improved much
more than the other techniques. High temperature magnetic
measurements showed the ferrimagnetic behavior with Curie
temperature at 500 C and it is in agreement with that of the
reported values.
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